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Abstract

Heterogeneity between ambient and personal exposure to heavy metals has been documented. However, few studies have
investigated potential health risks posed by inhalational exposure to airborne heavy metal(loid)s at the individual level. A
total of 404 personal fine particles (PM, 5) samples were collected from 61 adult residents (aged 18—63 years) in Hong Kong
during 2014-2015. Heavy metal(loid)s were analyzed using energy dispersive X-ray fluorescence. Among the analyzed
heavy metal(loid)s, zinc (Zn) was the most abundant component in personal PM, s, followed by lead (Pb), copper (Cu), and
vanadium (V); cobalt (Co) and cadmium (Cd) were not detectable. Health risks of personal exposure to heavy metal(loid)
s via inhalation were assessed for adults, including non-cancer risks that were characterized by hazard quotient (HQ) and
hazard index (HI). The results indicated that non-cancer risks of heavy metal(loid)s were attributable to Cu, with a 95t HQ
value > 1. Arsenic (As) and hexavalent chromium [Cr (VI)] were also significant contributors to inhalation cancer risks (>
1 x 107%) for the adult participants. Finally, we employed a Monte Carlo simulation to evaluate the uncertainty associated
with health risk assessment. The mean and median upper-bound lifetime cancer risk associated with inhalation exposure to
carcinogenic heavy metal(loid)s exceeded the acceptable level (1 x 107°) for adults. Traffic emission (including non-tailpipe
exhaust), shipping emission, and regional pollution were significant sources of heavy metals. These findings suggest that
emission controls targeting local vehicles and vessels should be given priority in Hong Kong.
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Introduction

Exposure to heavy metal contaminants in various environ-
mental media has raised concerns about the adverse impacts
on human health (Silvera and Rohan 2007). Heavy metals
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tend to be bio-accumulated and attract more attention as
they aggravate many health problems following prolonged
exposure (Cao et al. 2016). Although accounting for a small
fraction of fine particle (PM, 5) mass, adverse health effects
of exposure to heavy metal(loid)s—including nickel (Ni),
chromium (Cr), cobalt (Co), and cadmium (Cd), arsenic
(As)—have been well documented in the literature (Huang
et al. 2018; Wong et al. 2015). In particular, inhalational
exposures to particle-bound metal(loid)s poses health threats
to the human respiratory system, brain, and kidney dysfunc-
tion, and even causes cancer (Goldhaber 2003; Silvera and
Rohan 2007). Past studies indicate that toxic metals in PM, 5
originate from various sources, and these emission sources
are characterized by distinct metal components in urban
areas (Jiang et al. 2014; Liu et al. 2020; Shi et al. 2011).
Positive matrix factorization (PMF) and principal compo-
nent analysis (PCA) are the most commonly utilized source
identification and apportionment approaches. Duan and Tan
(2013) indicated coal burning, iron and steel industry, and
vehicle emissions were primary sources of heavy metal(loid)
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s [e.g., Cr, Ni, As, vanadium (V), manganese (Mn), copper
(Cu), zinc (Zn), lead (Pb)] in China.

Previous results revealed that measurements from ambi-
ent monitoring sites might not be sufficient to represent daily
personal exposure to air pollutants (Richmond-Bryant and
Long 2020). Jahn et al. (2013) determined that people spend
most of their time indoors (~ 85%) in urban areas, with expo-
sure to air pollution occurring from both indoor and ambient
sources. There are several factors to consider in assessing
personal exposure to air pollutants, including exposure to
indoor-generated air pollutants (e.g., from cooking, cleaning
activities, and incense burning), time spent outdoors, and
personal activities (e.g., in public transport) (Lei et al. 2020;
Morawska et al. 2013). As noted in Fan et al. (2018) and
Chen et al. (2020b), these exposure studies revealed higher
particle bioreactivity and adverse health effects in personal
exposure than ambient air.

Health risks of heavy metals in urban soils (Luo et al.
2011), e-waste recycling (Lau et al. 2014), and indoor dust
(Shi and Wang 2020) via different exposure routes (e.g.,
dermal contact, ingestion) have been assessed. Health risks
associated with inhalation exposure to heavy metals in
indoor and ambient air have also been reported (Hieu and
Lee 2010; Huang et al. 2014). Some studies demonstrated
higher exposure concentrations of heavy metals in ambi-
ent air compared to urban soil, with health risks exceeding
acceptable levels (1 x 107°) (Hu et al. 2012).

Inhalation is a significant route for human exposure to
metals in the atmosphere (U.S. EPA 2009). For example,
Cao et al. (2016) indicated that inhalation exposure to heavy
metals (e.g., Cr) (e.g., 43.8%) along with exposure due to
ingestion (e.g., 56.2%) posed significant health risks to chil-
dren in China. To further characterize inhalation exposure,
personalized exposure assessment is considered a promising
approach for human health studies (Morawska et al. 2013;
Weis et al. 2005). Research efforts have been expanded to
investigate the health risks of personal exposure to hazard-
ous air pollutants, including volatile organic compounds
(VOCs) (Zhou et al. 2011), polycyclic aromatic hydrocar-
bon compounds (PAHs) (Han et al. 2019), and heavy metals
(iron, V, Ni, Cr, Cu, Zn) (Mao et al. 2020). In Hong Kong,
many research efforts have been devoted to investigating the
health risks of heavy metal(loid)s in soil and water (Lau
et al. 2014; Man et al. 2010). Nonetheless, limited studies
have focused on the potential health risks of personal expo-
sure to airborne heavy metals at an individual level. A com-
plete understanding of the emission sources and inhalation
health risks of heavy metals in personal PM, s is vital to
guide the development and implementation of interventional
regulatory policies that improve air quality and protect indi-
vidual and public health.

We conducted personal PM, 5 monitoring in adult Hong
Kong residents during two sampling sessions. This study
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aims to (1) investigate exposure concentrations of heavy
metals in personal PM, 5 exposure among adult residents, (2)
explore the sources that contribute to heavy metals in per-
sonal PM, 5 exposure, and (3) evaluate potential non-cancer
and cancer health risks of heavy metal(loid)s exposure via
inhalation for adults. In addition, a Monte Carlo simulation
was employed to assess the uncertainty associated with can-
cer risk assessment.

Materials and methods
Study area description

The Hong Kong Special Administrative Region, China,
consists of eighteen districts (Fig. 1) characterized by a
high population density, heavy traffic loads on its roads and
streets, and surrounded by high-rise buildings. According
to the 2016 census, the Hong Kong population has reached
7.34 million (Hong Kong Census and Statistics Department
2016). This includes ~ 5 million adults (between 20 and 64
years of age), accounting for 68.2% of the total Hong Kong
population. Wong et al. (2015, 2020) indicated indoor and
outdoor air pollution were significant risk factors related
to head, heart, and human respiratory tract diseases (e.g.,
chronic obstructive pulmonary disease, lower respiratory
infection, lung cancer) in the Hong Kong population (Wong
et al. 2015, 2020). The present study assessed the health
risks of personal exposure to heavy metals in adult residents
of Hong Kong, a crucial life stage for the onset and pro-
gression of various diseases. The study was conducted over
the period from April 2014 to June 2015; the temperature,
relative humidity, precipitation, and wind speed were 24.1
+4.7°C,79.8 £ 11.1%, 0-122.1 mm, and 2.9 + 1.7 m/s,
respectively (Table 1). Seasonal variation in ambient PM, 5
(and metal component) concentrations have been reported
in another publication (Chen et al. 2019a); higher ambient
concentrations were reported during the winter monsoon
period than the summer monsoon in Hong Kong.

Study subjects and exposure survey

As part of this project, 61 adult subjects residing in dif-
ferent districts of Hong Kong were recruited for personal
PM, 5 monitoring employing a non-probability sampling
approach. All study subjects were non-smokers and free
from chronic diseases. Detailed information regarding
study design and methodology was presented in previ-
ous publications (Chen et al. 2019a, 2018). In brief,
this study consists of two sampling sessions (Table 1).
Of the 61 local participants, 48 subjects completed a
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Fig.1 Map of the study area in Hong Kong (Notes: green: session 1; blue: session 2; circle A: general stations for air quality monitoring; dark

blue square: airport; light blue rectangular: power stations)

two-consecutive day sampling event during the summer
and (or) winter season (session 1), respectively, leading to
161 personal PM, 5 samples. Further, thirteen participants
were included in an additional longitudinal personal moni-
toring program for over one year (session 2), with a total
of 243 personal PM, s samples collected. A questionnaire
survey was used to collect general covariate information
(including age, gender, height, weight, and occupation)
from study participants. In addition, each participant was
asked to complete a 24-h time-activity diary denoting their
locations (e.g., indoors, outdoors, in transit) and activity
patterns (e.g., sitting, standing, walking, running, driving,
riding, housework) every 15-30 min.

Survey and behavioral research ethics

The current research protocol was reviewed and approved
by the Research Ethics Committee of The Chinese Uni-
versity of Hong Kong. All subjects provided their written
informed consent before participation.

Personal sample collection and chemical analyses
Personal PM, 5 exposure

A personal environmental monitor (PEM) connected to a
sampling pump was used for Personal PM, 5 sample collec-
tion. The PEM was loaded with a Teflon filter (37-mm, Pall
Corp., NY, USA), and the pump was operated continuously
for twenty-four hours (24 h) at a flow rate of 10 (+ 0.5) L/
min. Personal exposure was measured within the breath-
ing zone of the participant, with the PEM located directly
below the nose/mouth. Participants were instructed to wear
the PEM for as much time as possible throughout the day but
were allowed to place the sampler nearby when they were at
home or in the workplace. Fig. 1 shows the study area and
the subjects’ residential location.

Filter analyses

Gravimetric analyses were performed using a micro-
balance (Model MC 5-0CE, Sartorius AG, Goettingen,
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Table 1 Study design, characteristics related to individual activities and inhalation rate of participants

Session 2

Session 1
Sampling date
Sampling frequency
Temperature (°C)* 24.1+4.7
Relative humidity (%) 79.8 +11.1
Rainfall (mm) 0-122.1
Wind speed (m/s) 29+ 1.7
Analyzed components
Study participants (N) 48
Female (%) 47.9%
Male (%) 52.1%
Age (years) (Mean + SD)® 33+15
18~44 years 70.8%
45~60 years 18.8%
> 61 years 10.4%
Weight (kg) (Mean + SD) 60.7 + 10.5
Male 65.1 +11.1
Female 56.0 +7.6
Non-smokers (Yes/No, %) Yes, 100%
Time activity® N¢ =161
Indoors, total (%) (Mean + SD) 89.3+14.0
Indoors, at home (%) 71.4 +£22.7
Sleeping (%) 37.8+79
Sitting/Standing awake (%) 255+ 15.8
Housework (cleaning, cooking) (%) 43 +£5.7
Commuting by public transport (%) 5.0+9.0°
Walking (%) 39+54
Running (%) 1.3+6.5
Inhalation rate (m*/day)° 18.0 +3.3
Male 192 +3.2
Female 16.7 +2.8

4 July—Oct 2014 and Dec 2014-Mar 2015

Two-day sampling from each participant

PM, s, OC, EC, water-soluble ions, metals

25 April 2014-7 June 2015

Every-six day for each participant

PM, 5, metals
13

46.2%
53.8%

36 + 16
61.5%
38.5%

0

67.0 £16.0
747+ 15.7
579 £11.6
Yes, 100%
N° =229
84.1 £145
71.5+19.2
36.7+7.2
248 £16.8
8.0+6.1
40+43
59+£72
24+49
18.9+32
19.6 +3.1
179 £ 2.8

#The meteorological parameters were extracted from the Hong Kong Observatory, Hong Kong

®Mean =+ standard deviation

“Number of activity diary collected from study participants during each sampling session

9Data were extracted from self-administered activity diaries from participants. Mean values are weighted averages based on individual 15-min

intervals on a daily basis for each session

“Time-weighted inhalation rate

Germany) to measure personal PM, s mass on Teflon fil-
ters. Metal(loid) components (from sodium to lead) were
analyzed using an energy dispersive X-ray fluorescence
analyzer (ED-XRF, Epsilon 5, PANalytical Company,
Netherlands) from the Teflon filters (Chow and Watson
2012). Though metal concentrations collected from ambi-
ent air have been reported previously (Chen et al. 2019a),
this study only focused on personal exposure to heavy
metal(loid)s. Eight heavy metal(loid)s (HMs) (including
V, Cr, Mn, Ni, Cu, Zn, Pb, and As) were further character-
ized. Method detection limits (MDLs) for these metal(loid)
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s were in the range of 0.1-1.0 ng/m® (Table S1), and they
were detectable (e.g., > MDLs) for 85% of the samples
except Cr and As (~ 58-67%) (Table 2). Hexavalent chro-
mium [Cr (VI)] is more toxic than Cr (III), and Cr (VI)
((e.g., calculated as one-seventh of total Cr exposure con-
centration) is used for cancer risk estimation in the current
study. Co and Cd were not detectable in personal PM, s
and were thus excluded from data analysis. Standard qual-
ity assurance and quality control protocols for personal
measurement, gravimetric determination, and chemical
analyses were strictly followed.
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Table 2 Heavy metal(loid)s and associated toxicity values via the inhalation route
RfC (mg/m®)¢  Source Inhalation Unit ~ Weight of ~ Critical organ or SE, ;! (mg/kg Source
Risk (IURJ) (ug/ evidence (IRIS’; effect via inhala- day)~!
m’)~! IARC®) tion
Vanadium (V) 1.00E-04 ATSDR¢ —i - Respiratory tract - ATSDRY (rat);
RIVM®
(human)
Chromium (Cr 1.00E-04 U.S. EPA?, 2010 1.20E-02 Al 1 Respiratory tract 5.10E+02° CalEPA®; U.S.
(VD) EPA®
Manganese 5.00E-05 U.S. EPA —i D™; 3 Neurobehavioral - U.S. EPA
(Mn) function
Nickel (Ni) 1.40E-05 CalEPAP 2.40E-04 Al Lung 9.10E-01° CalEPA; U.S.
EPA
Copper (Cu) 2.00E-05 CalEPA = D;3 Respiratory = U.S. EPA
system
Zinc (Zn) 9.00E-04 CalEPA, 1997 - D; 3 Accurate effects” —! U.S. EPA
Arsenic (As) 2.00E-05 CalEPA, 2008 4.30E-03 Al Lung 1.20E+01° CalEPA; U.S.
EPA
Lead (Pb) 5.00E-04 OEHHAS®, 2009 - B2, 2A Central nerve i U.S. EPAf

system, kidney

#U.S. EPA, United States Environmental Protection Agency
bCal EPA: California Environmental Protection Agency, U.S

SOEHHA: The Office of Environmental of Health Hazard Assessment, California, U.S

dATSDR: The Agency for Toxic Substances and Disease Registry, U.S

°RIVM: The Dutch National Institute for Public Health and the Environment
No studies are available on cancer in animals exposed to lead via the inhalation or dermal routes

£Chronic inhalation reference concentration (RfC)
"nhalation Slope Factor (SF,,;)

Not available

JIntegrated Risk Information System (IRIS), U.S EPA

XGroup B2, a probable human carcinogen, and U.S. EPA has not established an IUR for lead (Pb)

!Group A: human carcinogen

MGroup D: not classifiable as to human carcinogenicity

"Acute inhalation exposure to high levels of zinc has resulted in a disease characterized by dryness of the throat, coughing, chest pain, and dysp-

nea
°IARC: The international Agency for Research on Cancer

Inhalation health risk assessment

Estimation of exposure to heavy metal(loid)s
through inhalation

There is extensive evidence about the health risks posed
by exposure to heavy metals via the inhalation route. Fig. 2
illustrates the health risk assessment diagram, derived
from the U.S. Environmental Protection Agency (EPA)
Risk Assessment Guidance for human health risk evalua-
tion related to inhalation exposure (Superfund, Part F) to
hazardous air pollutants (e.g., airborne metal components)
(U.S. EPA 2009). Toxicological effects of source-specific
PM, 5 in personal exposure and heavy metal exposure in the
public transport system of Hong Kong (e.g., buses, mass
transit railway) were demonstrated in other publications

(Chen et al. 2020a, 2021). In this study, non-cancer risks
(characterized by hazard quotient and hazard index) and
cancer risks of HMs via inhalation route were assessed for
adult participants.

Table 2 shows inhalation toxicity values for the targeted
HMs, including chronic inhalation reference concentra-
tions (RfC), inhalation unit risk (IUR), and carcinogen
classification. Cr (VI), Ni, and As are classified as group
1 carcinogens by the International Agency for Research on
Cancer (IARC 2012). Pb is assigned as group 2A, referring
to “probably carcinogenic” to humans. The corresponding
toxic values for these HMs were adapted from the Integrated
Risk Information System (IRIS) proposed by the U.S. EPA
unless otherwise specified. Cancer risks of Mn, Cu, Zn, and
Pb are not further discussed because IURs for these metals
are not available.
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Personal exposure to airborne heavy metals
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Fig.2 Characterization of risk occurrence of airborne heavy metal(loid)s in adults

Exposure concentrations (EC,, pg/m?) of HMs attrib-
utable to inhalation were estimated using the following
equation:

CiX ET X EF X ED
AT

ECi =

ey

where C,; represents the concentration of metals in per-
sonal PM, s (ng/m>); ET is the exposure time (24 h/day);
EF refers to exposure frequency (315 days/year for metals
in this study; Table 2); ED is the exposure duration in
years (e.g., 30 years for adults); AT is the averaging time
for non-carcinogens (ED X 365 days/year X 24 h/day); for
carcinogenic heavy metals [Cr (VI), Ni, and As], AT is the
average lifetime in years (i.e., 70 years X 365 days/year X
24 h/day) (Phillips and Moya 2013; U.S. Environmental
Protection Agency 2011).

The chronic daily inhalation intake (CDI,,;,, mg/kg day)
of HMs in personal PM, 5 was defined as follows:
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_ EGix InhR X EF X ED

CDI,,,
BW X AT X CF

@

where inhalation rate (InhR, m3/day) was calculated based
on the Exposure Factors Handbook for specific personal
activities (U.S. Environmental Protection Agency 2011).
Furthermore, personal information (e.g., body weight (BW),
kg) was extracted from the questionnaire-based survey and
self-reported activity diaries of study participants (e.g., see
Table 1 and Table S2). Table S3 presents the results of the
chronic daily intake of HMs.

Characterization of cancer and non-cancer risk
Human risk assessment was performed to estimate non-can-

cer risk and cancer risk of heavy metal exposures via the
inhalation route. The non-cancer risk of HMs via inhalation
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was estimated using a hazard quotient (HQ), with the fol-
lowing equation applied:

ECi

HOi = —L£¢
Qi = RECix CF &)

where RfC,; is the chronic inhalation reference concentra-
tion (mg/m?) of the targeted metal component (as reported in
Table 2), and CF is the conversion factor (1000 pg/mg). HQ
value > 1 suggests a potential non-cancer risk exposure to a
particular metal component. HQ < 1 indicates that adverse
health outcomes are not expected from exposure to the metal
component. Further, the hazard index (HI = 2'1’ HQ)) (e.g.,
toxic metal component i) was applied to estimate the non-
cancer risks of the studied heavy metal(loid)s. An HI value
> 1 indicates the potential for non-cancer risks, and metal
mixture exposures could be of public health concern.

Previous studies have applied CDI,,, and inhalation
cancer slope factors (see Table 2) to estimate the potential
cancer risk of hazardous air pollutants (Cao et al. 2016).
However, in 2003, the U.S. EPA Superfund Program updated
the inhalation risk paradigm, which suggested air pollutants
reaching the target site of the human body is not a simple
function of inhalation rate and body weight. Thus, the docu-
ment recommended using exposure concentrations rather
than inhalation intake of the targeted chemicals to assess
the cancer risk of inhaled contaminants in ambient air (U.S.
EPA 2009). As a result, more recent studies applied IURs to
determine cancer risks of hazardous air pollutants (Liu et al.
2018; U.S. EPA 2007). In this research, excess lifetime can-
cer risk posed by heavy metal(loid)s via inhalation (CR,,,)
were thus calculated using the updated equation:

CR,

inh

= ECi X IURi 4)

where EC; and IUR, refer to exposure concentration and
inhalation unit risk of the carcinogenic heavy metal(loid)s
(ng/m?), respectively. CR,,, of 1 x 107%is considered a neg-
ligible risk. CR,,, values between 1 x 107® and 1 x 10~ are
considered acceptable or tolerable for regulatory purposes,
while CR,;,;, above 1 x 107* is likely to be harmful to human
beings, and remediation may be desirable.

Statistical analyses

The Kolmogorov-Smirnov test and visual inspection of the
histograms were applied to assess the normality of expo-
sure parameters, and exposure concentrations of the targeted
heavy metals were left-censored. We used the Mann-Whit-
ney U ¢ test to assess differences in exposure concentrations
and chronic daily intake of the targeted metals across male
and female participants. Pearson correlation coefficients (r)
was applied to investigate the associations of HMs in per-
sonal PM, 5. A p value < 0.05 was considered statistically

significant. We employed principal component analysis
(PCA) for source identification of HMs in personal PM, s.
Varimax normalized rotation was performed to maximize or
minimize the factor loadings of principal components (PCs).
The PCs with an eigenvalue > 1 entered in the source iden-
tification analysis. The current study focused on the targeted
heavy metals exposures across both sampling sessions.

Uncertainty analysis

The Monte Carlo simulation was performed 10,000 times
to assess the uncertainty associated with cancer risk assess-
ment. This stochastic risk analysis technique captures the
variations (e.g., log-normal distribution) in exposure con-
centrations among individuals and the risk distributions
instead of a single point value, thereby providing a clear
picture of health risk estimates in the adult population. The
TUR values for Cr (VI), Ni, and As are derived from the
U.S. EPA’s IRIS, which is defined as the upper-bound excess
lifetime cancer risk due to continuous exposure to human
carcinogens in the atmosphere. PCA and Monte Carlo simu-
lations were performed using SPSS statistics (V26.0, IBM
SPSS Statistics).

Results

Characteristics of study subjects and time-activity
patterns

Sixty-one healthy adults participated in personal moni-
toring from April 2015 to June 2015 (Table 1). Male and
female participants were equally represented, with no
significant age differences (p > 0.05). Table 1 shows the
summary characteristics of time-activity patterns for study
participants across the sampling sessions. All study sub-
jects were non-smokers and without ETS exposure in dif-
ferent indoor microenvironments (e.g., home, office, school,
indoors in public places). These subjects spent 84.1-89.3%
of their daily time indoors (including ~ 71% at home), and
36.7-37.8% (~ 8 h) of the time was spent sleeping within
their residences. No statistical variations were shown in
activity patterns for male and female participants or across
sampling sessions. A small portion of time was spent on
housework (4.3-8.0%). The average time in transit varied
from 4.0% (standard deviation, SD = 7.8%) to 5.0% (SD =
10.0%); Metro and buses were the most common commuting
modes used by Hong Kong residents.

Table 1 also shows the time-weighted inhalation rates
estimated from daily activities for these study participants.
The calculated average inhalation rates for the male and
female subjects were 19.2-19.6 m*/day and 16.7-17.9 m*/
day, respectively. Wang et al. (2009) estimated the average
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inhalation rates in the Chinese adult population (male: 19.0
m®/day; female 14.2 m%/day). These results were slightly
higher than those reported in the U.S. EPA’s Exposure Fac-
tors Handbook (average of male and female adults combined
= 15.2 m*/day) (Phillips and Moya 2013).

Variation in exposure to heavy metals
through inhalation

Table 3 shows the summary statistics of personal exposure
to HMs in PM, 5, among which Cr (VI), Ni and As are con-
firmed carcinogens via inhalation. Study results regard-
ing personal PM, 5 exposures were reported in previous

publications (Chen et al. 2019a, 2018). The average con-
centrations of the studied heavy metal(loid)s (192 X 1073
pg/m?; SD = 205 x 1073 pg/m?) contribute a small frac-
tion of personal PM, 5 mass (0.57%, SD = 0.72%). These
metal(loid)s, individually and in combination (pooled data
across two sessions), followed the order of Zn (118 x 1073
pg/m®) > Pb (25.2 x 1073 pg/m?) > Cu (18.2 x 1073 pg/
m?) > V (15.0 x 1073 pg/m*) > Mn (12.2 x 1073 pg/m?) >
Ni (4.0 x 1073 pg/m®) > Cr (3.0 x 1073 pg/m?) > As (1.9
x 1073 pg/m?). Also, annual average exposure concentra-
tions of Cr, Ni, Cu, and As (in session 2) were significantly
higher than monthly average exposures (i.e., in session
1). For most metals, exposures spanned several orders of

Table 3 Summary statistics of personal exposure to heavy metal(loid)s (ng/m?) in PM, 5 across sampling sessions

(x 107%) pg/m®  Metals Mean SD* Minimum 5% 25" Median 75" 95" Maximum N° > MDLs® (%) p valued
Session 1 v 14.1 159 0.6 14 43 176 16.7 532 76.6 161 96.9
Cr(CrVvD® 20028 2.1 05 05 05 1.1 25 66 114 161 534 ok
Mn 13.1 127 04 04 58 123 173 258 133 161 94.4 ok
Nif 1.8 1.8 0.1 01 06 1.0 21 66 95 161 88.8 sk
Cu 22.1 226 0.3 1.0 82 159 272 684 138 161 95.7 ok
Zn 134 219 2.0 70 39 104 165 307 2456 161 100
Ast 0.9 08 02 02 02 0.8 14 26 40 161 64.0 ot
Pb 25.2 228 0.7 07 44 209 384 685 972 161 85.7 ok
Session 2 \Y 15.6 156 1.3 24 57 112 194 434 943 234 96.7
Cr(CrVDe 3.9(0.56) 39 09 1.1 18 27 45 103 350 184 76.0 <0.001
Mn 11.6 89 09 13 40 105 156 278 56.0 222 91.7 0.009
Nif 5.6 46 04 1.1 23 4.1 79 155 254 233 96.3 <0.001
Cu 15.5 205 0.7 1.6 48 107 18.5 458 250 237 979 <0.001
Zn 107 134 1.0 70 25 72 146 295 1366 242100
Asg 3.1 21 08 09 17 25 38 68 130 132 54.5 < 0.001
Pb 25.3 363 1.5 19 46 189 347 734 441 207 85.5 0.008
Total A 15.0 157 0.6 18 52 938 19.0 492 943 395 96.8
Cr(CrVDhe 3.0(043) 33 05 05 10 20 38 92 350 345 67.0
Mn 12.2 10.7 0.4 1.0 50 114 165 26.1 133 383 928
Ni 40 42 0.1 02 12 25 54 118 254 394 933
Cu 18.2 21.6 0.3 15 62 139 23.1 489 250 398 97.0
Zn 118 173 0.6 75 32 881 155 295 2456 403 100
As 1.9 19 02 02 05 14 25 52 130 293 583
Pb 252 31.1 0.7 07 45 196 36.5 69.1 441 368 85.6

4SD refers to standard deviation

"MDLs refers to the method detection limit. An average of % MDLs (86%) of the targeted metals was applied to assess the exposure frequency
(EF) of the metals in the current study (EF = 0.86 x 365 days/year = 315 days/year)

N refers to the number of valid data, and concentrations below the MDLs were discarded

dDifferences across sampling sessions were statistically significant at a significance level of 0.05 (

<0.05)

p value < 0.001; “*p value < 0.01; “p value

°Cr (VD) =0.25 ng/m3 (the WHO estimated reference level); concentration refers to an excess lifetime cancer risk of 1 x 107

Ni =25 ng/m3 (the WHO estimated reference level); concentration refers to an excess lifetime cancer risk of 1 x107°

EAs =6.6 ng/m3 (the WHO estimated reference level); concentration refers to an excess lifetime cancer risk of 1 X 107°

"The concentration of Cr (VI) used for the cancer risk assessment was calculated as one-seventh of total Cr concentration
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magnitude; the range of 25" to 75" was no more than one
order of magnitude (~ 4.2). Table S3 shows chronic daily
intake of metal(loid)s via inhalation (CDI,,,). Consistent
with HMs exposure concentrations, CDI,,, of the targeted
metals exhibited the same patterns, following the order of
Zn>Pb>Cu>V>Mn>Ni>Cr>As.

Source identification using principal component
analysis

We employed PCA to identify sources of HMs in personal
PM, 5, with the results (e.g., source profiles) presented
in Table 4. Further, Table S5 presents the Pearson cor-
relation (r) matrix of the targeted metals. Three principal
components were extracted by PCA, with a total variance
of 71.3%. The first component had high loading of As, Pb,
and Cr, which accounted for 24.8% of the total variance.
A moderate correlation between As and Pb (r =0.51; p <
0.05) was shown (Table S5). In contrast, Cr and Cu exhib-
ited weak correlations with As (r: 0.20-0.40) and Pb (r:
0.27-0.29), indicating a mixed source contribution from
these metals. Cr in the atmosphere primarily originated
from regional pollution (e.g., from coal combustion) (Liu
et al. 2018) and traffic-related pollution (e.g., street dust)
(Huang et al. 2018) (Table S6). Cu originated mainly from
industrial smelting process sources and vehicle emissions
in urban areas. For comparison, Johansson et al. (2009)
indicated that more than 90% of Cu from traffic emissions
originated from brake wear. Therefore, component 1 was

identified as a combination of regional pollution (char-
acterized by coal combustion tracers of As and Pb) and
traffic-related pollution (e.g., non-tailpipe).

Strong associations were shown between Ni and V(r
= 0.71; p < 0.05) and Mn and Zn (r = 0.86; p < 0.05)
(Table S5), respectively, suggesting these metals may
originate from common sources. Component 2 was char-
acterized by high factor loadings of Mn and Zn (explained
23.9% of the total variance) from regional pollution (e.g.,
steel industry). Component 3 accounted for 22.6% of the
total variance and was characterized by high loading of Ni
and V, indicating shipping emissions.

Health risk estimates of inhalation exposure to HMs
Non-cancer risk of HMs via inhalation

Heavy metal(loid)s collected from individual participants
were used to assess inhalation health risks. Table 5 shows
the non-cancer risks (HQ and HI values) posed by targeted
HMs via inhalation. Among these metal(loid)s, Cu had the
highest HQ value of 0.79 (ranging from 0.67 to 0.95; SD
= 0.93). The non-cancer health risks of heavy metal(loid)
s exposure followed the descending order of Cu > Mn >
V > Ni > Zn > Pb > As > Cr. In summary, the HI values
for targeted metals (1.39) were higher than safe levels,
suggesting substantial non-cancer risks posed by heavy
metals for adults.

Table 4 Principal component

Component 2 Component 3

K Species Component 1°

analysis of personal exposure to

heavy metal(loid)s in PM, 5 \% a
Cr 0.71
Mn a
Ni a
Cu 0.41
Zn a
As 0.82
Pb 0.68
Eigenvalue 2.73
% of Variance® 24.8
Cumulative % 24.8

Possible sources®

tailpipe)

Regional pollution (coal combustion)
and vehicle emissions (e.g., non-

a 0.86
a a
0.91 a
a 0.94
a a
0.95 a
a a
a a
1.82 1.15
23.9 22.6
48.7 71.3

Regional pollution
(industry) and road
dust

Shipping emission

*Factor loading between -0.40 and 0.40 is not shown

5% of the variance: percentage of variance explained by each factor

“Principal component rotation method applied: Varimax with Kaiser normalization

4 Anthropogenic sources were shown in Table S7
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Table 5 Non-cancer risks of particle-bound heavy metals in adult participants via inhalation

Hazard Index (HI)

Hazard Quotient (HQ)

Pb

As

Zn

Cu

Mn

1.63 +1.21
0.36-4.41

0.04 +0.04
0.002-0.15

0.04 +0.04
0.007-0.11

0.13 +0.21

0.006-0.29

0.95+0.98
0.042-2.95

0.12+0.14 0.01 +0.01 0.23+0.22 0.11 = 0.11
0.002-0.02 0.007-0.44 0.005-0.41

0.012-0.46

Mean + SD?
5th_95th

Session 1

1.24 +1.08
0.05-3.03

0.04 + 0.06

0.003-0.13

0.06 + 0.04
0.016-0.13

0.10 +0.13
0.007-0.28

0.67 +0.88
0.07-1.97

0.15+0.12
0.03-0.41

0.20 +0.15

0.023-0.48

0.01 +0.01
0.004-0.04

0.13+0.13

0.021-0.37

5 th_9 3 th

Mean + SD

Session 2

1.39 + 1.15
0.157-3.21

0.13+0.14 0.01 +0.01 0.21 +0.18 0.13 +0.12 0.79 + 0.93 0.11 +0.17 0.05 +0.04 0.04 + 0.05
0.002-0.03 0.018-0.45 0.012-0.41 0.066-2.11 0.007-0.28 0.007-0.12 0.001-0.12

0.015-0.43

5 th49 3 th

Mean + SD

Total

4SD refers to the standard deviation

Total Cr was applied to calculate HQ and HI values

Cancer risk

Cr (VI), Ni, and As are human carcinogens (group 1) via
inhalation. Table 6 presents the cancer risks of inhaling
particulate Cr (VI), Ni, and As in personal exposure con-
ducted by adult participants. The CR;,;, posed by personal
As exposure via inhalation was the highest for these adult
participants. The average and 95" percentile values of CR,,
for As (4.07 x 107 and 1.02 x 107>, respectively) exceeded
the tolerable risk limit. These results indicate ~ 10 out of one
million adults living in the study area may develop cancer
from inhaling arsenic during their lifetime. The average and
95" percentile values of CR,,, for Cr (VI) (1.91 x 107
were higher than the acceptable risk level (1 x 107°). Also,
CR,,;, for Ni (1.38 x 107%) at the 95™ percentile exceeded
the acceptable risk level. Consistent with the exposure con-
centrations, the cancer risks of Ni (1.38 x 107°), Cr (VI)
(6.56 x 107%), and As (1.09 x 107°) at the 95" percentile
in session 2 were higher than those of session 1 (Table 6).
These results further exemplify the toxic effects of heavy
metals on human health, suggesting that long-term personal
exposure to heavy metals warrants extensive investigation
and possibly remediation.

The variability of exposure concentrations and IUR val-
ues could result in high uncertainty in health risk estima-
tions. Therefore, we employed the Monte Carlo simulation
to investigate the distribution of health risks for adults. For
the frequency distribution of estimated CR,,,, log-normal
distributions had the best fit for Cr (VI), Ni, and As. Fig. 3
illustrates the probability distribution of the estimated CR,;,,
of Cr (VI), Ni, and As for adults. These results revealed
the highest average cancer risks of 4.04 x 107 for Ni, fol-
lowed by Cr (VI) (2.47 x 107%) and As (1.88 x 107%). Thus,
these three carcinogens presented the median CR,,;, above
the acceptable risk level of 1 x 1076, For the CR,,, estimates
at the 95 percentile, Ni still showed the highest cancer risk
of 1.20 x 107°. In general, the 95" percentile cumulative
cancer risks obtained by summation risks of these three
metals (including Cr (VI), Ni and As) are 25.4 per one mil-
lion. Cancer risk estimates were similar for male and female
adults (data not shown).

Discussion

Fine particle pollution is the leading factor influencing
global air quality and public health. There are debates about
whether fixed-site ambient PM, 5 monitoring is a good sur-
rogate of personal exposure (Richmond-Bryant and Long
2020). Heterogeneity between ambient and personal expo-
sure to heavy metal(loid)s (e.g., Mn, Cr, As) have been
demonstrated in another publication (Chen et al. 2019a).
Previous findings suggest performing repeated personal
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Table 6 Excess life cancer risk of particle-bound heavy metals in adult participants via inhalation

Cr(VI) SD* 5th 95th Ni SD

Mean Mean

5th 95t As SD 5th 95th
Mean

Session 1

1.24E-06 1.34E-06 2.85E-07 4.18E-06 3.65E-07 3.83E-07 1.78E-08 1.38E-06 3.41E-06 3.14E-06 6.36E-07 9.74E-06

Session 2 2.49E-06 2.46E-06 6.92E-07 6.56E-06 4.99E-07 4.12E-07 1.02E-07 1.38E-06 4.87E-06 3.30E-06 1.43E-06 1.09E-05

Total

1.91E-06 2.11E-05 2.85E-07 5.94E-06 4.44E-07 4.05E-07 4.09E-08 1.38E-06 4.07E-06 3.29E-06 6.36E-07 1.02E-05

aSD refers to standard deviation

PM, 5 monitoring to reduce attenuation bias in air pollution
epidemiology (Johannesson et al. 2011). Similarly, Lei et al.
(2020) emphasized the necessity of personal monitoring for
accurate assessment of chemical component (e.g., metals)
exposures. Given the importance and need for personal
monitoring in urban areas with high population densities,
the present study aimed to fill the research gap.

Limited studies have reported heavy metal exposures
measured during the sampling of individual participants
(Nerriere et al. 2007). Our results were generated by the
repeated personal monitoring of adult subjects (character-
ized by different occupations in different age groups) for
over 1 year in Hong Kong. Among the studied metals in
personal PM, 5 (Chen et al. 2019b), relatively higher Cr, Mn,
Ni, Cu, Zn, As, and Pb were observed in winter than in sum-
mer. However, there were no significant occupational varia-
tions in HMs exposure, except Ni, V, and As in homemakers.
The results also revealed higher Mn and Zn exposure in non-
office workers (e.g., mainly consisting of outdoor workers
and van drivers) than their counterparts (e.g., office workers)
(Chen et al. 2018). In addition, higher metal concentrations
were observed in the ambient air than in personal PM, s,
except for Cr (e.g., personal to ambient ratio = 1.97; SD
= 2.98) (Chen et al. 2019a). Personal PM, 5 exposure was
performed for 24 h, accounting for both ambient and non-
ambient pollutant exposures during the participants’ daily
life. These results indicated the impacts of environmental
parameters (e.g., study region, season) and between-subject
variance (e.g., variability in individuals) on personal expo-
sure. Accordingly, different health effects may respond to
the heterogeneity in exposures. For instance, Baccarelli et al.
(2014) reported higher metal concentrations in personal
exposure and lung function associations for taxi drivers in
Beijing, China, and not for office workers.

Cr (VD) in PM, 5 was estimated as one-seventh of total
Cr concentrations in the current study (U.S. EPA 2010). As
showed in Table 3, the results revealed that the mean and
95™ percentile of Cr (VI) in personal PM, 5 (0.94-1.47 ng/
m?) were above the critical level in air recommended by the
World Health Organization (WHO = 0.25 ng/m?, concen-
tration refers to an excess lifetime cancer risk of 1 x 107°).
The 95" percentile of Ni and As in personal PM, 5 were
11.8 ng/m3 and 5.2 ng/m3 (Table 3), respectively, lower than

the WHO estimated reference levels (25 ng/m3, 6.6 ng/mS,
respectively). Heavy metal(loid) exposures for participants
in this study were lower than those reported in previous stud-
ies conducted indoors or from ambient air in other Chinese
cities (e.g., Beijing, Nanjing, Hangzhou) (Hu et al. 2012;
Huang et al. 2018).

Sources of HMs in personal PM, 5 were a combination
of local emissions and regional pollution. Similar findings
have been demonstrated in other personal exposure studies
(Lei et al. 2020). Mueller et al. (2011) indicated that V and
Ni were fuel oil combustion markers from power plants or
marine vessel engines. Other studies stated the consistent
contribution of shipping emissions to PM, 5 in the coastal
region. For instance, Pandolfi et al. (2011) reported a V/
Ni ratio of 3.0 in ambient PM, 5 in the Bay Area of Algeci-
ras, Spain. In the current study, the average V/Ni ratios in
personal PM, 5 ranged between 2.9 and 3.5, suggesting a
stable shipping emissions source that impacts Hong Kong
residents. Some studies indicated that ambient monitor-
ing at fixed sites could not capture non-tailpipe exhaust in
personal exposure (Chen et al. 2018; Nerriere et al. 2007).
For example, research conducted in four metropolitan areas
in France demonstrated spatial heterogeneity of personal
exposure to Zn, Cu, V, and Cr, and higher exposure levels
(~ 20-90%) were found in traffic proximity and the indus-
trial sector compared to the background area (Nerriere et al.
2007). Our previous findings indicated the elevated levels
of personal exposure to Cr and Cu could be attributable to
commuter exposure in the MTR system in Hong Kong (Chen
et al. 2020a). Further, indoor origins (e.g., cooking, cooking
fuel) are potential sources of personal exposure to heavy
metal(loid)s.

The reasons for health risk assessment are to support air
pollution prevention, exposure mitigation, regulatory deci-
sion-making, and public health protection. Our study could
objectively apportion the degree of cancer and non-cancer
risks of HMs in personal PM, s exposures in adult partici-
pants. As noted, although Zn contributed to the most mass
of HMs in personal PM, 5, Cu exhibited the highest HQ
value. The 95" percentile of HQ values for Cu was higher
than one (2.0-3.0), revealing potential non-cancer risks.
Furthermore, HI values (1.2-1.6) for the target HMs were
larger than one, suggesting potential non-carcinogenic
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Fig.3 Excess lifetime cancer risk (ELCR) for personal exposure to
airborne metal(loid)s [Cr (VI), Ni, As] via inhalation

risks of HMs for the adult participants. These results sug-
gest that the Hong Kong adult residents may face poten-
tial non-cancer risks from Cu and the cumulative effect
of HMs via inhalation. Similar findings have also been
reported in other Chinese megacities (e.g., Shanxi, Nan-
jing) (Table 7). This includes the Hu et al. (2012) study

@ Springer

that indicated potential non-cancer health risk of HMs (HI
= 2.9) (As, Cd, Co, and Ni) in PM, 5 via inhalation for
adults in Nanjing, China.

Epidemiological and toxicological studies have demon-
strated the adverse effects of exposure to HMs on human
health (e.g., hospital admission, mortality). For instance,
Tian et al. (2013) indicated that exposure to particles from
shipping emissions (characterized by Ni and V) were
strongly associated with increased cardiovascular hospi-
talizations in Hong Kong. Also, Pun et al. (2014) reported
strong associations between ambient PM, s-bound heavy
metals (e.g., Mn, Ni) and respiratory and cardiovascular
hospitalizations in Hong Kong. Other studies have sug-
gested that pollution levels, metal toxicity, and exposure
behavior patterns (e.g., exposure duration) contributed to
potential health risks of heavy metal exposure. A previous
study conducted in the public transport systems in Hong
Kong indicated in vitro personal PM, 5 bioreactivity was
attributed to commuter exposure to Mn, Ni, Zn, and Co.
A recent toxicological study revealed that Cu from vehicle
brake systems exhibited toxic effects (e.g., ROS produc-
tion, increased expression of pro-inflammation cytokine) on
A549 cells (Figliuzzi et al. 2020). Consistent results about
the negative impacts of personal exposure to heavy metals
were demonstrated in other regions/countries. For example,
Wu et al. (2013) found positive associations between Zn,
Cu, V, and Pb in ambient PM, 5 with lung function in young
adults in Beijing, China. Madrigal et al. (2018) suggested
that environmental exposure to Mn and Pb might adversely
impact the pulmonary function of young adults in the USA.

Significantly higher exposure concentrations and chronic
daily intake of HMs (Cr, Ni, Cu, As) were reported for the
study subjects participating in the one-year sampling pro-
gram (i.e., session 2) (Tables 3 and S3). Minimal gender
differences existed in exposure concentrations and chronic
daily intake of heavy metals in male and female subjects
(Table S4). In general, Cr (VI) (5.09 x 107) and As (1.22
x 107°) exhibited the highest cancer risks for these study
participants in session 2. These results might be attributed
to repeated personal monitoring in different seasons that
could capture the distinct variations in exposure concentra-
tions of HMs, indicating that sustained long-term personal
measurement is needed in urban areas. Cancer risks of heavy
metal(loid)s in ambient PM, 5 have been estimated in differ-
ent Chinese cities, and most studies have indicated that Cr
(VD) in PM, 5 exhibited the highest cancer risks via inhala-
tion for adults (Table 7). Further, Liu et al. (2018) reported
that As from coal combustion posed the highest cancer risks
to adults in Beijing, China. Another study investigated the
health risks of source-specific heavy metals, suggesting traf-
fic-related emissions and coal combustion were significant
contributors to cancer and non-cancer risks for children and
adults in Beijing, China (Huang et al. 2018).
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Excess lifetime cancer risks of Cr (VI), Ni, and As via
the inhalation route are attributable to IURs and exposure
concentrations of the targeted heavy metal(loid)s in adult
participants. The IUR values may also result in certain
uncertainties in health risks assessment, which is the esti-
mated risk of continuous lifetime exposure to an agent of 1
pg/m®. RfC and TURs have accommodated age differences,
as suggested in the Superfund Program (Part F) (U.S. EPA
2009). Presumably, the direct measured personal exposure
reflect the possible health risks posed by heavy metal(loid)s
for participants. These results indicated Cr (VI), Ni, and As
in personal PM, 5 posed non-negligible cancer risks for these
adults in the study area and (or) their peers who shared very
similar individual characteristics. Accordingly, the cumula-
tive probability distribution of CR;,, for Cr (VI), Ni, and
As via inhalation was assessed using Monte Carlo simula-
tion (Fig. 3). Consistent with the results derived from the
study participants, Cr (VI), Ni, and As had 95t CR,,, that
exceeded the negligible levels of one per one million.

The bioaccessibility of HMs is considered more accurate
and reliable for health risk assessment. Huang et al. (2014)
indicated that the inhalation bioaccessibilities of HMs (e.g.,
Zn, Mn, Cu, As, Ni, Pb, Cr) in indoor PM, 5 in Guangzhou,
China, ranged from 17.0 to 57.3%. In the current study, we
analyzed and reported the total metal concentrations in per-
sonal exposure. Yet, the combined effects of heavy metals
are not clearly shown, and the health risks posed by bioac-
cessible and bioavailable HMs via inhalation may be overes-
timated in this case. Previous findings also indicated signifi-
cant variation in health risks of HMs via different exposure
routes (Huang et al. 2014), and more significant health risks
were reported in children than adults. For example, Zhang
et al. (2015) investigated the health risks of HMs in PM, 5
exposure in children, revealing that children had higher risks
posed by HMs than adults due to more frequent hand-to-
mouth activities. Further studies are needed to better explore
the variations in health risks via inhalation from various
sub-populations (e.g., children, adolescents).

In assessing health risks, some limitations should be con-
sidered. A few months (e.g., applied on specific days) to a
year-long measurement may not represent exposure concen-
trations covering the adult life span. Therefore, these results
about health risks are indicative and should be interpreted
with caution. Our study had the advantage of direct per-
sonal monitoring from individual adult participants under
real environmental conditions versus other typical studies
that applied ambient monitoring or estimated personal expo-
sures by combining indoor and outdoor exposure. This study
provides an exposure scenario from a scientific perspective
and a preliminary investigation of contamination levels
and detrimental health risks of heavy metals in personal
exposure for adult residents of Hong Kong. Further, these
results are critical for the corresponding evidence-based
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policymaking to control emissions from vehicles and marine
vessels in Hong Kong from a regulatory perspective. Despite
the uncertainty inherent in cancer risk assessment in this
study, our results serve as useful indices for future health
risk assessment studies in China’s high-density Greater Bay
Area (GBA).

Conclusions

This study explored the characteristics of individual expo-
sure to HMs in PM, 5 and the corresponding health risks
posed by the targeted HMs via inhalation in adult residents
of Hong Kong. Exposure concentrations for HMs were
considerably higher than those reported in other developed
countries and lower than those in Chinese cities. The prin-
cipal component analyses revealed three sources: regional
pollution, traffic-related pollution, and shipping emission
that contributed to HMs in personal PM, 5. The HI values
for HMs were greater than 1, indicating that the targeted
metals might pose non-cancer risks to adults in Hong Kong.
The inhalation cancer risks (mean and 95" percentile CR,,,
values) associated with personal exposure to Ni, Cr (VI), and
As exceeded the U.S. EPA benchmark of 1 x 10~°. Our study
highlights the need to conduct long-term personal monitor-
ing for accurate health risk assessment, guiding the imple-
mentation of effective mitigation strategies towards cleaner
air in Hong Kong and GBA, China.
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